Low density (∼10 7 cm −2 ), small sized InGaAs quantum dots were grown on a GaAs substrate by metal-organic vapor-phase epitaxy and a special annealing technique. The structural quantum dot properties and the influence of the annealing technique was investigated by atomic force microscope measurements. High-resolution micro-photoluminescence spectra reveal narrow photoluminescence lines, with linewidths down to 11 μeV and fine structure splittings of 25 μeV. High signal to noise ratios (∼140) and a nearly background free autocorrelation measurement indicate an excellent optical quality and single photon emission behavior. Furthermore, time resolved measurements reveal excitonic decay times typically in the range between 800 and 2300 ps and biexcitonic decay times around 300 ps.
(Some figures in this article are in colour only in the electronic version)
In recent years, investigations on semiconductor quantum dots (QDs) have been motivated by their potential application as single photon sources and as quantum bits in the field of quantum information processing [1] [2] [3] [4] . In the future, one can think of a simple QD device for coding in each computer or networking application. Therefore, optically or electrically addressable single QDs are needed on a mass production scale, which favors metal-organic vapor-phase epitaxy (MOVPE) due to its high achievable growth rates. However, the fabrication of self-assembled QDs formed by the StranskiKrastanov growth mode [5] , often leads to high QD densities in MOVPE and samples have to be structured by mesas or shadow masks to isolate individual QDs. Nevertheless, the proximity of the QDs to the surfaces results in their interaction with carriers in their surface states, generating an electric field that can shift the emission energy of a nearby QD [6] . As a result the spectral linewidth of the QD broadens. Thus, it would be favorable to deposit 1 http://www.ihfg.uni-stuttgart.de self-assembled QDs exhibiting a low density. A narrow spectral linewidth of the QD photoluminescence (PL) emission is a precondition for optoelectronic quantum information technology and other applications in research. Furthermore, the dephasing time of localized excitons in semiconductor QDs is inversely proportional to the linewidth of optical transitions [7] , therefore narrow linewidth QDs are especially interesting for tasks in the field of quantum computation [8] . Up to now, sharp QD PL emission linewidths, as narrow as 10 μeV or even lower under resonant pumping, were reported for QDs grown by molecular-beam epitaxy (MBE) [9, 10] . The linewidth of MBE grown QDs has been typically of about one order of magnitude smaller than MOVPE grown QDs, due to the low impurity incorporation, the atomic layer control of the MBE, and the fundamental differences in growth method compared to MOVPE. The narrowest linewidth of PL emission of MOVPE grown self-assembled InAs QDs is, to our knowledge, as narrow as 65 μeV [11] . However, the narrow linewidth of QD PL emission makes them suitable for research, e.g. for single spin measurements [12] , two photon interference [13] and indistinguishable measurements on single photons [14, 15] .
The sample structures described in this paper were fabricated by MOVPE with standard sources (trimethylgallium, trimethylindium, trimethylaluminum, arsine) at low pressure (100 mbar) on (100) GaAs substrates oriented 6
• toward the [111]A direction. The reference sample structure is shown in figure 1(a) . Before depositing the GaAs buffer layer the sample is heated up to 750
• C to desorb surface oxides and reach the growth temperature for the following layers. The 50 nm thick Al 0.5 Ga 0.5 As layer prevents carrier diffusion towards the substrate during the optical measurements, due to the higher bandgap compared to the subsequently grown GaAs barrier. The layer of self-assembled InAs QDs was grown using the Stranski-Krastanov growth mode [5] by depositing amounts of InAs between 2 monolayers (ML) and 4 ML at 520
• C on top of the 100 nm thick GaAs buffer layer. The corresponding growth rates range between 1 and 0.5 ML s −1 . The InAs QD growth took place at a V/III-ratio of 520. After the deposition of the InAs a growth interruption of 60 s was applied to allow QD ripening. This step was followed by an additional deposition of 3 nm of GaAs on top of the InAs QDs at 520
• C to reduce the indium desorption for the following steps. Subsequently, a combined temperature ramping to 600
• C and annealing step is applied. During the 15 min duration annealing step indiumgallium intermixing takes place and, thus, a blue shift of the QD PL emission is induced [16] . Furthermore, the annealing step affects the height distribution, the lateral size distribution and the density of the QDs. The influence of the annealing step on the QD properties was investigated using atomic force microscope (AFM; Atomic Force MFP-3D) measurements for a set of samples where we had deposited 4 ML of InAs to form the QDs. The average QD height is reduced by about a factor of 2 from 23 nm (without the annealing step) to 10 nm (with the annealing step). Also, the lateral size is slightly increased from 75 to 86 nm. Furthermore, the QD density decreased from 2.2 × 10 9 cm −2 to 5.5 × 10 8 cm −2 . To gain control of the InGaAs QD growth, the amount of deposited material was varied in the range between 4 and 2 ML. Using AFM and scanning electron microscopy (SEM) measurements the structural QD properties were examined for non overgrown samples. The influence of the amount of indium deposited on the QD density is shown in figure 2 (a). The QD density can be controllably adjusted over a range of three orders of magnitude between 10 9 and 10 6 cm −2 .
If the InAs amount is reduced to 1.8 ML, the critical layer thickness is reached and no QD growth takes place [5] . To investigate the influence of the growth rate and the amount of deposited material on surface processes, the QD height and lateral size was analyzed as a function of the growth parameters (figure 2). The average QD height ranges from 10.2 nm (4 ML) through 8.7 nm (3 ML) to 4.2 nm (2.1 ML). Less deposited material also leads to a reduced average lateral QD size. As shown in figure 2(b), the lateral size is reduced from ∼90 nm (4 ML) to ∼50 nm (2 ML). This very pronounced influence on the structural QD properties should also be reflected in the optical properties. To perform PL measurements samples were completed with a GaAs capping layer after the QD annealing, and investigated by ensemble-PL measurements ( figure 3(a) ). The spectra show distinct peaks at around 1.5 eV, originating from the GaAs barrier, and a wetting layer (WL) emission around 1.4 eV. The relatively broad emission at lower energies originates from the QD ensemble. The QD ensemble emission blue shifts by approximately 70 meV on reducing the InAs thickness from 4 to 2 ML, corresponding to smaller sized QDs [17] . Furthermore, the decrease in the integrated PL intensity can be attributed to the reduced QD density. Additionally, the blue shifting WL PL emission indicates a thinner WL for less deposited material. As already mentioned before, the annealing step leads to an intermixing between gallium and indium inside the QDs, resulting in an additional blue shift of the QD PL emission compared to pure, not annealed, InAs QDs [16] . An estimation of the indium-gallium interdiffusion reveals a gallium content of about 45% in the QDs for samples with 4 ML InAs. The optical and structural characterization highlights the widely tunable QD properties available by adjusting the growth parameters. To further increase the extraction efficiency of photons emitted from the QDs, a bottom distributed Bragg reflector (DBR) is used. The schematic sample structure is shown in figure 1(b) . The DBR is not necessary, but enhances the PL emission drastically [18] . The DBR consists of 20 λ/4-pairs of Al 0.20 Ga 0.80 As/AlAs grown at 750
• C. Due to the possible negative effect on the QD linewidth induced by charge carriers in the surrounding dots, a low QD density of about 4 × 10 7 cm 2 (2.1 ML InAs) is chosen. The layer of selfassembled InAs QDs was grown under the growth conditions mentioned above. The deposition took place on top of a 134 nm thick GaAs buffer layer. The 134 nm buffer forms the first half of the λ-cavity which places the QDs into the antinode of the standing electromagnetic wave [18] . Furthermore, the same annealing technique was applied. For PL samples, a 134 nm thick capping layer grown at 600
• C after the annealing step finalized the λ-cavity. The DBR increases the photon extraction efficiency by a factor of around 20.
Micro-PL (μ-PL) measurements on individual QDs are performed in a variable temperature helium-flow cryostat (T = 4-320 K) in combination with a confocal microscope assembly. For non-resonant excitation a Ti:sapphire laser is used. Alternatively, a narrow-band continuous-wave (cw) ring laser serves to excite the sample. Spectral dispersion of the μ-PL signal is achieved using a 0.5 m spectrometer and detected with a liquid nitrogen-cooled charge coupled device (CCD) camera. The standard PL and high-resolution PL (HRPL) setups are described in detail in [19] . Investigations on two photon correlations have been performed in terms of secondorder g (2) (τ ) autocorrelation measurements with a HanburyBrown and Twiss (HBT)-type setup. The HBT setup is described in detail in [19] . Due to the low QD density we are able to address single QDs optically without any need for mask processing. A typical μ-PL spectrum of a single QD on the DBR structure is shown in figure 3(b) , with an emission energy of around 1.37 eV. To further characterize the shown emission features power dependent μ-PL measurements were performed. The marked lines in figure 3(b) display the corresponding PL peaks on which a power series was performed, with a standard resolution μ-PL setup ( λ linewidth = 60 μeV). The spectrum is dominated by the peak at 1.377 eV, which we attributed to an excitonic (X) emission. A second peak is observed at 1.373 eV and shows the quadratic PL increase with the excitation power typical for a biexciton (XX). The third peak at 1.374 eV is of lower intensity and can be attributed to charged excitonic emission. Many-body interactions such as carrier exchange and Coulomb interactions give rise to a red shift of the charged excitonic states compared to the neutral states [4] , thus the red shifted, X * labeled PL peak is estimated to be a charged exciton. The assignment of X, XX and X * -emission to the PL peaks is based on analysis of the different integrated PL intensities with excitation power ( figure 3(c) ). We extracted a slope of p X = 1.2 for the excitonic PL line and a value of p XX = 1.9 for the biexcitonic PL emission. The underlying analysis is described in detail in [20] . (2) (τ ) for the investigated sample, which is nearly background free and dips to a value of g (2) (τ = 0) = 0.03. (b) The inset shows a typical QD μ-PL emission of the investigated sample.
Time resolved PL measurements at different emission peaks reveal the decay times for the above identified excitons and biexcitons. In the InGaAs/GaAs material system the decay of the XX is typically faster than for the X, due to the two possible decay paths of the XX [21] . By investigating the decay times for different QDs, measurements revealed excitonic decay times typically in a range between 800 and 2300 ps and biexcitonic decay times around 300 ps.
In order to prove the zero-dimensional state densities of the investigated InAs QDs, we performed cw secondorder autocorrelation measurements. The measured histogram is shown in figure 4(a) . The g (2) (τ ) measurements were performed on an excitonic emission line (figure 4(b): μ-PL spectra). For single photon emitters a g (2) (τ = 0) value of 0 is expected. The measurement yields a value of g (2) (τ = 0) = 0.03. Thus, the emitted photons depict a very pronounced zero-dimensional behavior. The deviation of g (2) (τ = 0) from 0 is due to a small background contribution overlaying the QD emission. The nearly background free g (2) (τ ) and signal to noise ratios of up to 140 indicate an excellent optical quality.
In order to determine the fine structure splitting E FS , polarization dependent HRPL measurements with a resolution of E HRPL res = 0.3μeV were performed. Due to the exchange interaction of electron and hole-spin in single QDs, a splitting of the excitonic line into two orthogonally polarized fine structure components is observed [22] . By varying the relative polarizer angle, the detected PL intensity is shifted between both components. Figure 5 (a) shows both fine structure components of the excitonic recombination line for different polarizer rotations for the same QD, revealing a fine structure splitting of E HRPL FS = 25 μeV. By stepwise rotation of the linear polarization detection angle, a clear polarization dependency of the two fine structure components' intensity is observed. If the fine structure splitting is larger than the radiative homogeneous linewidth, as is the case for the discussed QD, both orthogonally polarized decay paths can be distinguished, thus resulting in classically polarizationcorrelated photons.
To further resolve the intrinsic linewidth, power dependent HRPL measurements at a distinct polarizer angle were performed ( figure 5(b) ). The linewidth of the PL peak was determined in terms of the full width at half maximum (FWHM) of a fitted Lorentzian function. The inset in figure 5 (b) depicts the determined FWHM of the PL peak for different excitation power densities. HRPL measurements for power densities between 0.7 and 7 W cm −2 have been performed.
For an excitation power density of 0.7 W cm −2 a FWHM of 11 μeV is found. Increasing the excitation power density to 7 W cm −2 leads to a broadening ( E FWHM (0.7 W cm −2 ) = 11 μeV, E FWHM (7 W cm −2 ) = 14 μeV) of the emission line.
In summary, we have shown that we are able to deposit low density (In x Ga 1−x )As QDs by MOVPE, using partial capping and annealing steps, for narrow linewidth single dot emission. HRPL measurements show a FWHM of the excitonic QD emission of 11 μeV. Polarization dependent measurements revealed a fine structure splitting of 25 μeV. We proved the zero-dimensional state density of the InAs islands by performing correlation measurements (g (2) (τ = 0) = 0.03) and found signal to noise ratios up to 140. Our results demonstrate that it is also possible to fabricate mass production capable MOVPE based InGaAs QDs with good optical quality, comparable to MBE grown QDs.
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